The ultimate origin of water in the Earth's hydrosphere is in the deep Earth-the mantle. Theory 1 and experiments [2] [3] [4] have shown that although the water storage capacity of olivine-dominated shallow mantle is limited, the Earth's transition zone, at depths between 410 and 660 kilometres, could be a major repository for water, owing to the ability of the higher-pressure polymorphs of olivinewadsleyite and ringwoodite-to host enough water to comprise up to around 2.5 per cent of their weight. A hydrous transition zone may have a key role in terrestrial magmatism and plate tectonics [5] [6] [7] , yet despite experimental demonstration of the water-bearing capacity of these phases, geophysical probes such as electrical conductivity have provided conflicting results [8] [9] [10] , and the issue of whether the transition zone contains abundant water remains highly controversial 11 . Here we report X-ray diffraction, Raman and infrared spectroscopic data that provide, to our knowledge, the first evidence for the terrestrial occurrence of any higher-pressure polymorph of olivine: we find ringwoodite included in a diamond from Juína, Brazil. The water-rich nature of this inclusion, indicated by infrared absorption, along with the preservation of the ringwoodite, is direct evidence that, at least locally, the transition zone is hydrous, to about 1 weight per cent. The finding also indicates that some kimberlites must have their primary sources in this deep mantle region.
Samples of mantle-derived peridotites show that olivine (Mg 2 SiO 4 ) is the dominant phase in the Earth's shallow upper mantle, to a depth of ,400 km (ref. 12) . At greater depths, between approximately 410 and 660 km, within the transition zone, the high-pressure olivine polymorphs wadsleyite and ringwoodite are thought to dominate mantle mineralogy owing to the fit of seismic discontinuity data to predictions from phase equilibria 12, 13 . No unretrogressed samples of any highpressure olivine polymorph have been sampled from the mantle, and, hence, this inference is highly likely, but is unconfirmed by sampling. Sampling the transition zone is important because it is thought to be the main region of water storage in the solid Earth, sandwiched between relatively anhydrous shallow upper mantle and lower mantle [4] [5] [6] [7] . The potential presence of significant water in this part of the Earth has been invoked to explain key aspects of global volcanism 5 and has significant implications for the physical properties and rheology of the transition zone 3, 11, 14 . Finding confirmatory evidence of the presence of ringwoodite in Earth's mantle, and determining its water content, is an important step in understanding deep Earth processes.
The discovery of ultradeep diamonds, originating below the lithospheric mantle [15] [16] [17] [18] [19] [20] [21] [22] , allows a unique window into the material constituting the Earth's transition zone. As such, these diamonds should provide the best opportunity for finding both wadsleyite and ringwoodite. Moreover, several studies have reported olivine that may have originated as a higher-pressure polymorph [21] [22] [23] [24] [25] . In this study, we focused on diamonds from the Juína district of Mato Grosso, Brazil, in a search for ultrahigh-pressure inclusions. Alluvial deposits centred on tributaries East of the Rio Aripuanã, Juína District, contain abundant diamonds that originate in the Earth's transition zone and lower mantle [15] [16] [17] [18] [19] 24, 26 . Diamond JUc29 is a 0.09 g, colourless/light-brown, irregular crystal (Extended Data Fig. 1 ) from deposits of the Rio Vinte e Um de Abril, downstream from kimberlite pipe Aripuanã-01. It exhibits a high degree of surface resorption, is moderately plastically deformed and its nitrogen content is below detection by infrared spectrometry; that is, the diamond is type IIa. These are all characteristics of most ultradeep diamonds from Juína
18
. A crystal of greenish appearance and ,40 mm in its maximum dimension was located optically in the diamond (Extended Data Fig. 1 ). Synchrotron X-ray tomography shows the inclusion to form part of a pair, with a Ca-rich and a Fe-bearing phase immediately adjacent (Extended Data Fig. 2 ). Single-crystal X-ray diffraction of the Fe-bearing phase revealed the main four diffraction peaks of ringwoodite, in their relative order of expected intensity 4 , that is, in descending order of intensity, the (113) plane at 2.44 Å , the (440) plane at 1.40 Å , the (220) plane at 2.81 Å and the (115) plane at 1.51 Å (Extended Data  Fig. 3 ). The expected fifth peak at about 2.02 Å was not found, being covered by the very intense diamond peak, which occurs at the same d spacing (the single distance between two atomic lattice planes belonging to a family of infinite lattice planes all equidistant and parallel). The positions of these peaks (that is, the d spacing) and, in particular, the precisely measured relative order of intensities, detected by chargecoupled device (CCD), confirm the identity of the inclusion as ringwoodite but do not allow an accurate compositional estimate.
Micro-Raman spectra of the inclusion (Fig. 1 , grey traces) allowed ringwoodite to be identified by the two intense Raman bands that form a doublet corresponding to the asymmetric (T 2g ) and symmetric (A 1g ) stretching vibrations of SiO 4 tetrahedra and which occur in the spectral regions ,807 and 860 cm 21 , respectively. We refer to these bands as DB1 and DB2, respectively. The spacing of these two bands is 30% wider than those present in olivine, and DB1 is displaced to significantly lower wavenumbers. Band DB1 in JUc29 is defined from peak fitting to be located between 807 and 809 cm
21
, with DB2 between 854 and 860 cm
. The increase in wavenumber of both DB1 and DB2 relative to the reference spectrum in Fig. 1 (red trace) and other synthetic ringwoodites is due largely to the influence of the compressive stress developed around the inclusion. This stress results from the difference in the volume expansion of the inclusion relative to the diamond that has helped to preserve the ringwoodite. All JUc29 Raman spectra show significant broadening of these SiO 4 stretching vibrations. This broadening is probably due to increased disordering resulting from a tendency for ringwoodite to revert to olivine at lower pressure, and hampers the use of the doublet band separation in estimating the composition of the ringwoodite. Nevertheless, an estimate of the composition can be attempted, on the basis of the shift in DB1 in response to pressure and increasing Fe in the structure, which have opposite effects (see Methods section on Raman spectroscopy). The compressive stress imposed on the inclusion was estimated by measuring the Raman shift of the main diamond band in the immediately adjacent diamond (1,337 cm 21 ), which yields internal pressures of between 1.7 and 2.3 GPa depending on the pressure calibration of the Raman shift used (see Methods as above). Our estimate for the resulting phase composition yields a Mg number, Mg# 5 100Mg/(Mg1Fe), of 75 z24 {21 , where the uncertainty is dominated by the uncertainty in the confining pressure, the exact position of DB1 and the calibration of DB1's position with composition (see Methods as above). Although the compositional uncertainty is large, the presence of significant Fe in the structure is consistent with the confocal X-ray fluorescence data (Extended Data Fig. 2) .
Additional Raman-active bands at 662, 990 and 1,050 cm 21 are present in the JUc29 spectra and can be attributed to the presence of CaSiO 3 -walstromite ( Fig. 1) adjacent to ringwoodite. Spectrum JUc29v sampled only the Ca-rich phase and is spectrally very similar to reference CaSiO 3 -walstromite (Fig. 1, green trace) .
Fourier transform infrared (FTIR) spectra for the inclusion reveal a pronounced OH 2 stretching vibration with the band centre between 3,150 and 3,200 cm 21 (Fig. 2) . The broad band at 3,150 cm 21 and that at 3,680 cm 21 correspond to OH 2 stretching modes reported in synthetic hydrous ringwoodite [27] [28] [29] [30] [31] . The correspondence between the general form of the JUc29 FTIR spectra and that of synthetic hydrous ringwoodite 4, [27] [28] [29] [30] [31] , together with the location of the main OH 2 stretching band at considerably lower wavenumber than either hydrous olivine or wadsleyite strongly support the identification of our inclusion as not only ringwoodite, but ringwoodite containing significant water. The location of the main OH 2 band at between 3,160 and 3,180 cm 21 seems to support a composition between Mg# 60 and Mg# 100 (see Methods section on FTIR spectroscopy), and is hence consistent with the Raman estimate. The phase assemblage presented by the inclusion pair can be used to constrain their likely depth of origin. Two scenarios are possible, indicative of different depths of mantle sampling. Ca-walstromite is stable, along a mantle geotherm, at or below 10 GPa (refs 20, 26), where ringwoodite with Mg# ,75 must coexist with olivine in a two-phase loop 12 .
Although the peak broadening of the main doublet in some of the ringwoodite Raman spectra (for example JUc29v; Fig. 1 ) indicates the possibility of partial retrogression to olivine in parts of the crystal, there is no indication of a highly crystalline olivine phase from the X-ray measurement. Hence, we interpret this phenomenon as disorder induced during the incipient breakdown of ringwoodite to olivine. Given this, the most likely interpretation of this two-phase assemblage is that it represents a partly retrogressed portion of a somewhat Fe-rich peridotitic mantle, in which hydrous ringwoodite and former CaSiO 3 -perovskite coexisted above 15GPa 12 , that is, in the transition zone, probably with majorite garnet. The ringwoodite has largely avoided retrogression, whereas the CaSiO 3 -perovskite precursor reverted to Cawalstromite. The slightly more Fe-rich composition of the ringwoodite may arise by reaction between the peridotitic and basaltic portions of a subducted slab 26 and may not be indicative of the bulk of the transition zone because of the resulting broadening of the 410-km seismic discontinuity that would be seen at such Fe-rich compositions 12 .
It is important to constrain the amount of water in the ringwoodite inclusion because this has implications for the water content of the transition zone. From experiments, ringwoodite may incorporate up to 2.5 wt% H 2 O under transition-zone conditions 2, 4, 30, 31 . The difficulties in constraining sample thickness during FTIR measurement, especially in determining whether the beam was sampling part of the Ca-walstromite inclusion, plus any spectral absorption by the rather impure diamond host, make the estimation of the ringwoodite water content subject to large uncertainty. The main OH 2 stretching band at ,3,150 cm 21 in hydrous ringwoodite becomes more pronounced with increasing H 2 O content, up to ,0.8 wt% H 2 O (ref. 4 ; Fig. 2 ). The JUc29 spectra show strong OH 2 absorption, clearly indicative of significant H 2 O content, and are consistent with a minimum estimate between 1.4 and 1.5 wt% H 2 O, derived by integrating the spectra in Fig. 2 (see Methods section on FTIR spectroscopy). Although the uncertainty in these estimates may be as large as 50%, we note that in synthetic ringwoodites containing 2 wt% H 2 O or more, the satellite OH 2 stretching mode at 3,645-3,680 cm 21 transforms from a broad shoulder to a sharply defined vibrational band 30 . This stretching mode is well defined in the JUc29 inclusion, supporting our calculated water concentration as a minimum estimate.
Two main scenarios arise from the water-rich nature of the ringwoodite inclusion coming from transition-zone depths. In one, water within the ringwoodite reflects inheritance from a hydrous, diamondforming fluid, from which the inclusion grew as a syngenetic phase. In this model, the hydrous fluid must originate locally, from the transition zone, because there is no evidence that the lower mantle contains a significant amount of water. Alternatively, the ringwoodite is 'protogenetic', that is, it was present before encapsulation by the diamond and its water content reflects that of the ambient transition zone. Both RESEARCH LETTER models implicate a transition zone that is at least locally water-rich. It is interesting to explore the protogenetic option further to see what bounds would be placed on the bulk transition-zone water content in the light of geophysical observations. Using a conservative estimate of the H 2 O content of JUc29 ringwoodite, of 1.4 wt%, combined with mineral mode estimates 12 and water solubilities for majorite and Ca-perovskite 6 , results in a bulk water content of ,1.0 wt% for the transition zone sampled by our diamond. This value is broadly aligned with the highest transition-zone water contents estimated from electromagnetic data 11, 32 . Other studies of ultradeep diamonds have indicated the transition zone could contain stagnated subducted slabs [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] that may transport water to this mantle region. The presence of hydrous ringwoodite in a diamond from transition-zone depths supports the view that high fluid activity, notably that of water, has a key role in the genesis of ultradeep diamonds 26 and is consistent with the proposal of regionally localized 'wet-spots' in the transition zone 32 that may host thin melt layers above the 410-km discontinuity 7 . Our observations provide clear support for experimental measurements 27 showing that the P-and S-wave velocities of the lower transition zone are consistent with a hydrated ringwoodite-rich composition. The preservation of ringwoodite within diamond also provides a strong indication that some kimberlites must come from at least transitionzone depths.
METHODS SUMMARY
Full descriptions of all analytical methods and calculations of the compositional estimates are provided in Methods. Micro-X-ray fluorescence measurements were performed at beamline L of the DORIS-III synchrotron facility at HASYLAB (DESY, Germany). Measurements were made using confocal detection of an internal microscopic volume element of approximately 22 mm 3 22 mm 3 16 mm (full-width at half-maximum). Single-crystal X-ray diffraction was performed at the Dipartimento di Geoscienze, Università di Padova, Italy using a CCD detector coupled to a STOE STADI IV single-crystal diffractometer, via monochromatized Mo Ka radiation (l 5 0.71073 Å ), working at 50 kV and 40 mA and with an exposure time of 60 s. We obtained the main four diffraction peaks of ringwoodite (RINGW: Extended Data Fig. 3) , that is, the planes (113) at 2.44 Å , (440) at 1.40 Å , (220) at 2.81 Å and (115) at 1.51 Å , in the expected order of relative intensity. Raman spectroscopy was carried out at the Geoscience Institute, Goethe University, Germany, using a Renishaw micro-Raman spectrometer (RM-1000) equipped with a Leica DMLM optical microscope and CCD detector. Spectra were excited with the HeNe 632.8-nm line (max 50 mW). The wavenumber accuracy was 0.5 cm 21 and the spectral resolution was ,1 cm
21
. The lateral resolution at the sampling depth was several micrometres and the depth resolution was several tens of micrometres. Details of the calculation of the ringwoodite composition from the Raman spectra are given in Methods. FTIR spectra were obtained with a Nicolet Continumm infrared microscope attached to a Thermo Nicolet Nexus 470 FTIR Spectrometer at the De Beers Laboratory of Diamond Research, University of Alberta, Canada. All measurements were performed in transmitted mode, with an unpolarized beam of aperture size 70 mm. Two hundred scans were acquired with a spectral resolution 4 cm
. Details of the calculation of water content from the spectra are given in Methods.
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper. . The two spectra were measured at ,90u degrees to each other and are unsmoothed, but were corrected for a background that includes the intrinsic response of the host diamond. Water contents calculated by integration of these two spectra are between 1.4 and 1.5 wt% (see Methods section on FTIR). b, Reference spectra for hydrous Fe 
RESEARCH LETTER METHODS
Micro-X-ray fluorescence. Micro-X-ray fluorescence (mXRF) measurements were performed at beamline L of the DORIS-III synchrotron facility at HASYLAB (DESY, Germany). Measurements were made using a confocal detection scheme that enables direct non-destructive extraction of three-dimensional elemental/chemicalstate information from an internal microscopic volume element of approximately 22 mm 3 22 mm 3 16 mm (full-width at half-maximum). The confocal detection mode ensures that the measurements are insensitive to surface features, recording information only from the depth of the inclusion. Fe and Ca confocal mXRF measurements were recorded with an excitation energy of 7,200 eV using methods described in full elsewhere 34, 35 , and were combined to produce the three-dimensional confocal micro-X-Ray fluorescence view of two-phase inclusion shown in Extended Data Fig. 2 . With this measurement arrangement, Mg could not be determined and, hence, we could not constrain the Fo content of the inclusion by these means. Single-crystal X-ray diffraction. Single-crystal X-ray diffraction was performed at the Dipartimento di Geoscienze, Università di Padova, Italy. A CCD detector (Oxford Diffraction) was used, coupled to a STOE STADI IV single-crystal diffractometer, using monochromatized Mo Ka radiation (l 5 0.71073 Å ), working at 50 kV and 40 mA and with an exposure time of 60 s. We obtained the main four diffraction peaks of ringwoodite (RINGW: Extended Data Fig. 3) , that is, the planes (113) at 2.44 Å , (440) at 1.40 Å , (220) at 2.81 Å and (115) at 1.51 Å , in the expected order of relative intensity 4 . These data are not significantly affected by confining pressure because the diamond was ion-milled so that the inclusion was almost at the diamond surface. The very small size of the inclusion, combined with the inability of CCD devices to provide accurate and precise d spacings, means that the diffraction data can only be used for identification of ringwoodite and cannot be used as an indication of composition. The very similar d spacings reported for pure The diffraction spots identifying ringwoodite in the CCD image cannot be assigned to olivine or wadsleyite. Mg-rich olivine has the following sequence of main peaks (with intensity given relative to that of the most intense peak): 2.46 Å (100%), 2.51 Å (80%), 1.75 Å (68%), 3.88 Å (64%), 2.76 Å (63%), 2.27 Å (44), 1.48 Å (44%), 1.49 Å (31%), 5.09 Å (22%) (see, for example, ref. 37). In wadsleyite, the main peaks are 1.44 Å (100%), 2.44 Å (91%), 2.02 Å (75%), 2.62 Å (57%), 2.68 Å (48%) and 3.21 Å (43%) (ref. 38) . For olivine, none of the critical, high-intensity peaks at 1.75, 3.88 and 2.76 Å was observed in our measurement, and these peaks do not overlap with those of diamond. For wadsleyite, none of the 1.44, 2.02, 2.62, 2.68 or 3.21 Å high-intensity peaks was observed. Hence, the mineral phase cannot be anything other than ringwoodite.
To avoid the risk of thermal shock breaking the diamond, or acid ingress to any unseen cracks attacking the inclusion, we chose not to clean the host diamond with acid. This results in a total sample transmission technique such as X-ray diffraction detecting surface features not seen by the confocal or nearly confocal methods. Hence, in addition to the ringwoodite diffraction peaks, the main peak of quartz, which occurs in resorption pits on the sample surface and is not included within the diamond, is evident. The prominent diffraction rings result from very fine clay minerals present on the surface of the diamond. At least one diffraction peak, at 3.03 Å , probably results from the CaSiO 3 -walstromite inclusion. Raman spectroscopy and compositional estimate. Raman spectroscopy was carried out at the Geoscience Institute, Goethe University, Frankfurt, using a Renishaw micro-Raman spectrometer (RM-1000) equipped with a Leica DMLM optical microscope and CCD detector. Spectra were excited with the He-Ne 632.8-nm line (max 50 mW). The wavenumber accuracy was 0.5 cm 21 and the spectral resolution was ,1 cm
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. The lateral resolution at the sampling depth was several micrometres and the depth resolution was several tens of micrometres. A detailed description of the technique is given in refs 34, 39.
The Raman spectra for the inclusion pair measured within JUc29, before ionmilling ( Fig. 1) are complex. The doublet between 800 and 850 cm 21 is characteristic, both in terms of band position and band separation, of ringwoodite. No other silicate mineral has a doublet response with these characteristics. In contrast to the X-ray diffraction data (see previous section), acquired after the diamond above the inclusion was thinned by ion-milling, Raman spectroscopy was undertaken before any laboratory modification of the diamond host. Consequently, the position of both bands of the doublet (referred to as DB1, for low wavenumber, and DB2, for high wavenumber, in our main text) are shifted from those of, for example, pure Mg-endmember ringwoodite at ambient pressure 33 , due to the compounding effects of a significant compressive stress (,2.3 GPa; see below) and the presence of Fe in the structure such that DB2 is at, or close to, the olivine position (main text and Fig. 1 ). The much lower characteristic wavenumber of DB1 precludes any chance that the spectra can be those of olivine. Band broadening is clearly present and probably results from disordering due to incipient retrogression to lower-pressure polymorphs.
The shift of Raman bands to higher wavenumber with increasing pressure is well known, especially in diamond 40, 41 , and has been experimentally calibrated in ringwoodite 42, 43 . , with full solidsolution quantified by the Mg# (100Mg/(Mg1Fe)). A calibration of the shift of position of both DB1 and DB2 over the range Mg# 72-19 has been made using a shocked L5 chondrite meteorite 44 . There the Raman band positions were calibrated to compositional data determined by electron microprobe for 28 highquality measurements. The resulting form of the equation, expressed in Fe# units (100Fe/(Mg1Fe)), is where i refers to DB1, x i refers to the band position, y i refers to the intercept, and a i and b i are coefficients given as -12.32257 and 0.01291, respectively 40 . Because there are fewer points and more scatter at high Mg#, it is possible that at the Mgrich, Fe-poor end of the calibration the inaccuracy may be up to 7%. The overall calibration uncertainty is stated as 5%, and this is propagated as an error in the total uncertainty estimate that we provide in the main text when estimating the ringwoodite composition.
For JUc29 ringwoodite, the compositional estimate from the Raman data was made using a DB1 position of 808 cm
, intermediate between the two measured values of 807 and 809 cm 21 (Fig. 1) . We propagate the effect of this uncertainty in the exact band position into the uncertainty budget. The data are pressurecorrected to a confining pressure of 2.3 GPa using the shift of the first-order Raman band, measured at 1,337 cm 21 for diamond adjacent to JUc29 ringwoodite. We use the 12.2 cm 21 GPa 21 shift along [001] from ref. 40 , yielding a surrounding compressive stress of 2.3 GPa. Using a non-directional calibration 41 yields 1.7 GPa. The uncertainty arising from this difference is propagated into our total stated uncertainty budget. The resulting composition and uncertainty estimate of Mg# 75 z24 {21 is imprecise and can only be viewed as a first-order estimate of the composition of the ringwoodite included within JUc29. Nevertheless, its relatively Fe-rich nature, compared with average mantle olivine, Mg# 89-91, is consistent with the mXRF mapping (Extended Data Fig. 2 ). We note further that a composition on the Mgrich side of the Mg-Fe solid solution is consistent with the location of the FTIR OH 2 absorption band in JUc29 between 3,160 and 3,180 cm
, compared with the systematic shift in the main FTIR OH peak seen in fig. 1b of , we did not observe any evidence in the Raman spectra of the OH 2 stretching vibrations expected to occur in the spectral range 3,100-3,700 cm 21 , as reported in endmember Mg-ringwoodite 43 . The lack of Raman response in this region for hydrous Fe-bearing ringwoodite has also been reported in experimental run products 42 and is not surprising because the observed bands are weak, even in large crystals not surrounded by diamond. In addition, the observation of weak and broad OH 2 stretching bands would be made less likely because, as in ref. 42 , we used a low laser power for our Raman measurements, to avoid thermal instability. FTIR spectroscopy. FTIR spectra were obtained with a Nicolet Continumm infrared microscope attached to a Thermo Nicolet Nexus 470 FTIR spectrometer at the De Beers Laboratory of Diamond Research, University of Alberta, Canada, following methods described in detail elsewhere 46 . During analysis, the infrared microscope and bench were continuously flushed with dried air to eliminate spectral noise at 3,600 cm 21 caused by water vapour in air. All measurements were performed in transmitted mode, with an unpolarized beam of aperture size of 70 mm, and 200 scans were acquired with a spectral resolution of 4 cm
. Following spectral acquisition, the intrinsic background of the diamond host was measured and subtracted. Two identical spectra were obtained at ,90u degrees orientation to each other. Measurements taken in the diamond host away from the ringwoodite inclusion yielded no signal over the diamond background in the spectral range 3,800-2,600 cm
. The lack of signal from the SiO 4 overtones at lower wavenumbers seems to be due to either absorption by the diamond structure LETTER RESEARCH
